In thymocytes butyrate and trichostatin A are unable to augment dexamethasone-induced apoptosis. In cultured rat thymocytes the extent of apoptosis induced by dexamethasone alone did not increase by addition of 0.1 ± 10 mM butyrate. Even more pronounced was the non-additive interrelationship between dexamethasone and trichostatin A, as trichostatin A-induced apoptosis was not only blocked by the presence of dexamethasone but dexamethasoneinduced apoptosis was also partially inhibited in the presence of 0.1 ± 0.5 mM trichostatin A. The fact that the non-additive relationship with dexamethasone for apoptosis induction was observed with both histone deacetylase inhibitors suggests that in thymocytes this phenomenon is related to histone acetylation. In contrast to this, in the human T cell-derived leukemia cell line CEM-C7H2, dexamethasone did not block butyrate-or trichostatin A-induced apoptosis; moreover, butyrate, in the concentration range of 0.1 ± 1 mM, had a marked synergistic effect on dexamethasone-induced apoptosis. This synergism, however, was not mimicked by trichostatin A, indicating that the effect is not related to histone acetylation but rather due to a pleiotropic effect of butyrate. Furthermore, in CEM-C7H2 cells, at higher concentrations of butyrate (5 ± 10 mM) or trichostatin A (0.4 ± 0.8 mM), there was a minor but reproducible antagonistic effect of dexamethasone on apoptosis induced by each of the two histone deacetylase inhibitors, suggesting that this antagonistic effect too, is related to histone hyperacetylation.
Introduction
The short-chain fatty acid butyrate is, at millimolar concentrations, an inhibitor of histone deacetylases in animal cells. In cell cultures, butyrate induces a number of effects, such as reversible arrest of cell division, induction of differentiation and alterations in gene expression. 1 ± 3 Although the expression of certain genes is induced or upregulated, several genes remain unaffected and the transcription of yet other genes is even inhibited by butyrate (for reviews see 2, 3 ). In recent years, butyrate, a product of fermentation by gut bacteria, was found in vitro to be an inducer of apoptosis for transformed 4 ± 8 as well as non-transformed intestinal epithelial cell lines. 9 Subsequently it was shown that butyrate is an inducer of apoptosis in several other cell types too, such as Burkitt's lymphoma BL-30 cells, 10 HL60 leukemia cells, 11 HIV-1 transformed human cells, 12 MCF-7 breast cancer cells, 13 transformed lung fibroblasts 14 and Y-79 retinoblastoma cells. 15 In spite of its ability to activate a number of genes, such as the`dormant' fetal g-globin gene, 16 it was also noted that butyrate inhibits the transcriptional activation of several steroid hormone-dependent genes. An inhibitory effect of butyrate was shown for estrogen-mediated gene expression in the chicken oviduct, 17 for glucocorticoiddependent genes in HTC cells, 18, 19 in cultured mammary gland fragments 20, 21 and for thyroid-mediated gene expression in rat pituitary tumor cells. 22 Interestingly, in rat glioma C6 cells, butyrate was found to block the glucocorticoid-induced increase in glycerol phosphate dehydrogenase 23 but had no effect on glucocorticoid induction of glutamine synthase activity; 24 in HeLa cells the induction of alkaline phosphatase by dexamethasone was, however, potentiated by butyrate. 25 The apparently contradictory effects of butyrate on steroid-mediated gene expression may be explained by a different role of chromatin structure for the regulation of individual genes. A number of studies point to an essential role of chromatin remodelling in the formation of the transcription initiation complex of glucocorticoid-sensitive genes by demonstrating that modulations of nucleosomal positioning and nucleosomal conformation in the promoter region are involved in the transactivation process. 26 ± 33 The fact that the glucocorticoid-dependent disruption of a specific nucleosome of the mouse mammary tumor virus is prevented by the presence of butyrate 34 is consistent with the idea that ongoing histone deacetylation is a requirement for chromatin remodelling events. It appears plausible that rapid waves of acetylation and deacetylation are required for chromatin remodelling processes to take place, and these are blocked by deacetylase inhibitors. More recently, in agreement with this model, it was shown that low concentrations of butyrate or trichostatin A enhance basal as well as hormone-induced transcription from the MMTV-promoter, while higher concentrations of the histone deacetylase inhibitors reduce both these types of MMTV transcription. 35 Thus, a moderate increase in histone acetylation activates the mouse mammary tumor virus promoter, presumably by helping to remodel a nucleosomal structure, whereas the remodelling process is prevented by a more efficient inhibition of histone deacetylation, 35 i.e. by the establishment of the hyperacetylated state.
The triggering mechanism of the early events in glucocorticoid-induced apoptosis is poorly understood. We were therefore interested to test whether transactivation processes ± in analogy to the above-mentioned model of the MMTV promoter ± are operative in dexamethasoneinduced apoptosis. Thus, the question was raised whether and in what way the histone deacetylase inhibitors butyrate and trichostatin A 36,37 interact with dexamethasone-induced apoptosis.
Two different mechanisms have been discussed for glucocorticoid-induced apoptosis: first, transactivation according to the paradigmatic glucocorticoid-mediated gene activation model of the MMTV promoter, and second, repression, which could occur either by DNA binding of the receptor-ligand complex or via protein ± protein interactions between the ligand-activated receptor and, for instance, the sequence-specific transcription factor AP-1. Furthermore, to get an idea whether the observed effects are cell typespecific, we tested the effects of butyrate on dexamethasone-induced apoptosis in two different types of T cells, namely in rat thymocytes and in the T-cell derived human leukemia cell line CEM-C7H2. 38 Thus, the question was raised whether dexamethasone-induced apoptosis is stimulated by the additional presence of butyrate or, whether butyrate is antagonistic to dexamethasoneinduced apoptosis ± in analogy to the above-mentioned examples of inhibition of glucocorticoid-mediated gene expression by butyrate.
In the present study we found that in thymocytes, butyrate ± on its own an apoptosis inducer ± did not increase the extent of dexamethasone-induced apoptosis and this effect was mimicked by trichostatin A, which in addition showed a partial inhibition of dexamethasoneinduced apoptosis. In contrast, in the leukemia cell line CEM-C7H2, dexamethasone did not prevent a dosedependent increase in the percentage of apoptotic cells by the additional presence of butyrate or trichostatin A, and at 0.1 ± 1 mM butyrate a marked synergism between butyrate-and dexamethasone-induced apoptosis was observed. This effect, however, was not mimicked by trichostatin A. Furthermore, in the CEM-C7H2 cells too, at higher concentration ranges of butyrate and trichostatin A, respectively, an antagonistic interaction of dexamethasone with apoptosis induction was observed.
Results

Butyrate-induced apoptosis in thymocytes
The thymocytes were set up for primary cultures as described in Materials and Methods and suspended in RPMI 1640 medium. First the sensitivity of the ex vivo cultured thymocytes for butyrate-induced apoptosis was tested. Figure 1 shows the time-and dose-dependence of butyrateinduced apoptosis in ex vivo cultured thymocytes. Incubation for 15 h with 1 mM of butyrate induced 15 ± 20% apoptosis, with 5 mM butyrate, 25 ± 30% apoptosis. Within this time frame of 15 h, even with 10 mM of butyrate the percentage of apoptotic cells did not rise above 35%. Figure 1 also shows that more than 9 h were needed until apoptosis became markedly manifest. The percentages of apoptosis in Figure 1 as in all other figures of the paper are based on measurements of propidium iodide fluorescence as described in Materials and Methods.
Dexamethasone-induced apoptosis in thymocytes Figure 2 shows the time-and dose-dependence of dexamethasone-induced apoptosis in primary cultures of rat thymocytes. After an incubation period of 12 h, there was 10 ± 20% apoptosis with 10 nM of dexamethasone and by applying 100 and 1000 nM of dexamethasone, the extent of apoptosis induced in 12 h increased to about 25 and 30%, respectively. After 6 h of incubation, at all three concentrations of dexamethasone tested, the percentage of apoptotic cells was below 10%. With 100 nM of dexamethasone, the number of apoptotic cells reached more than 40% after 15 h. Thus, in most of the thymocytes DNA loss as a result of chromatin fragmentation, which is measured in the propidium iodide fluorescence-assay, became manifest in the time period between 9 and 12 h. In several earlier studies butyrate was reported to be an inhibitor of glucocorticoid-induced gene expression; 17 ± 22,34 on the other hand, for the transcriptional activation of the MMTV promoter, butyrate (and trichostatin A) exhibited a biphasic effect, being an activator at lower concentrations and an inhibitor above a certain concentration. Against this background, it was of interest to test whether any analogy could be detected in the impact of butyrate on glucocorticoidinduced apoptosis. Figure 3 shows the effects of butyrate at the concentration range 0.1 ± 10 mM on dexamethasone-induced apoptosis in primary cultures of rat thymocytes at the dexamethasone concentration of 100 nM and after an incubation time of 15 h.
Butyrate by itself is an apoptosis inducer in a dosedependent manner ( Figures 1 and 3) ; in the concentration range of 0.1 ± 10 mM Na-butyrate, there was a significant increase (P=0.01) in the percentage of apoptosis induced by butyrate alone, starting at less than 10% and increasing to about 30%. Within the same time period, 100 nM dexamethasone applied alone induced about 40% apoptosis. As shown in Figure 3 , when in addition to 100 nM dexamethasone various concentrations of butyrate were applied in the range of 0.1 ± 10 mM, no significant increase in the percentage of apoptosis could be observed. In spite of the additional presence of apoptosis-inducing concentations of butyrate, the percentage of apoptotic cells remained unchanged, namely 40 ± 50% as induced by 100 nM dexamethasone alone. The differences in the percentages of apoptotic cells at the various concentrations of butyrate under combined application of the two apoptosis inducers were without statistical significance (P=0.05). Although clearly a non-additive relationship between the two apoptosis inducers was demonstrated, it is not possible to draw any conclusions as to which of the two apoptosis inducers inhibits the other or whether they mutually inhibit each other and if so to what extent. The unchanged percentage of apoptosis induced by 100 nM dexamethasone alone, however, suggests that it is dexamethasoneinduced apoptosis which causes a blocking of butyrateinduced apoptosis, as various concentrations of butyrate are unable to increase the extent of apoptosis induced by dexamethasone alone. Since butyrate is an inhibitor of histone deacetylases, in the following it was tested whether trichostatin A, a structurally unrelated histone deacetylase inhibitor, also shows a similar type of non-additive relationship with dexamethasone for apoptosis induction.
Trichostatin A does not increase the extent of apoptosis induced by dexamethasone alone in thymocytes Figure 4 shows the effects of various concentrations of trichostatin A on apoptosis induced by 100 nM dexamethasone after an incubation period of 12 h in primary cultures of rat thymocytes. When trichostatin A (0.01 ± 5 mM) was applied alone, it showed a significant dose-dependent increase of apoptosis. Dexamethasone alone induced in 12 h about 25% of apoptosis (as also shown in Figure 2 ). The additional presence of 0.01 ± 5 mM trichostatin A was not able to increase the extent of apoptosis induced by 100 nM dexamethasone alone but led at 0.1 ± 0.5 mM to a significant partial inhibition of dexamethasone-induced apoptosis. The fact that both butyrate ( Figure 3 ) and trichostatin A (Figure 4 ) exhibited a non-additive interaction with dexamethasone in inducing apoptosis in thymocytes strongly suggests that the Figure 2 Concentration-and time-dependence of dexamethasone-induced apoptosis in ex vivo cultured rat thymocytes. Apoptosis was assayed at the concentrations of 10, 100 and 1000 nM of dexamethasone and after the incubation times of 6, 9, 12 and 15 h, respectively. The data are means of triplicates+S.D. of a representative experiment Figure 3 Non-additive interaction between dexamethasone-induced and butyrate-induced apoptosis in thymocytes. Apoptosis was measured in the presence of 100 nM dexamethasone (Dex) and the indicated butyrate concentrations, respectively, after an incubation time of 15 h. Note the concentration-dependent increase in the percentage of apoptosis with the increasing concentrations of butyrate alone which was statistically significant (P=0.01) in the concentration range tested (0.1 ± 10 mM butyrate) and in contrast to this, a lack of increase in the percentage of apoptotic cells under combined application of the two apoptosis inducers; the differences in the percentages of apoptosis at the various concentrations of butyrate under combined application of the two drugs were without statistical significance even at the level P=0.05 acetylation status of histones, even if only in a very limited region of chromatin, is in some way related to this phenomenon.
Butyrate-induced apoptosis in CCRF-CEM leukemia cells
Next we investigated the effect of butyrate on dexamethasoneinduced apoptosis in the T cell-derived human leukemia cell line CEM-C7H2 which has been used as a model in several previous investigations on the mechanism of glucocorticoidinduced apoptosis. 39 ± 42 As early as 1982 it was reported that butyrate is cytotoxic to CCRF-CEM cells; 43 however, whether cell death occurred through apoptosis, and further, a possible impact of butyrate on glucocorticoid-induced cell death was not investigated. To address these issues, we first tested the sensitivity of the CEM-C7H2 line to butyrate. Figure 5 shows that in CEM-C7H2 cells apoptosis at the concentration range of 5 ± 10 mM butyrate was clearly detectable after 24 h (20 ± 40%) and reached a maximum of 80% after 48 h.
Dexamethasone-induced apoptosis in CCRF-CEM leukemia cells
Likewise, dexamethasone-induced apoptosis was analyzed in a broad concentration range and at time intervals of 24 and 48 h of incubation with the drug. As shown in Figure 6 , incubation with 100 nM of dexamethasone resulted in 60 ± 80% apoptosis after 48 h and about 10% after 24 h (in addition to spontaneous apoptosis). Increasing the dexamethasone concentration by an order of magnitude to 1000 nM did not seem to change much the time course of apoptosis.
Dexamethasone does not block butyrate-induced apoptosis in CCRF-CEM leukemia cells Figure 7 shows the percentages of apoptosis induced in CEM-C7H2 leukemia cells by 1000 nM dexamethasone, various concentrations of butyrate and under combined application of the two drugs, respectively, after the incubation time of 36 h. The percentage of spontaneous apoptosis in the absence of both drugs, and further, the percentages of dexamethasoneinduced apoptosis (1000 nM) ± in the absence of butyrate ± are shown at the zero butyrate value of the abscissa of the diagram in Figure 7 . Spontaneous apoptosis was less than 5% and in the presence of 1000 nM dexamethasone there was a further 10% apoptosis in 36 h. Figure 7 shows that the additional presence of butyrate led to a dose-dependent increase in the percentage of apoptotic cells. Moreover, at the concentrations of 0.1, 0.5 and 1 mM there was a marked synergistic effect of butyrate on dexamethasone-induced apoptosis. When, 0.5 or 1 mM Figure 4 Non-additive interaction of dexamethasone-induced with trichostatin A-induced apoptosis in thymocytes. Apoptosis was measured with 100 nM dexamethasone (Dex) and the indicated concentrations of trichostatin A (0.01 ± 5 mM), respectively, after an incubation time of 12 h. There was a significant dose-dependent increase in the extent of apoptosis with trichostatin A alone (P=0.001) in the range of concentrations tested (0.01 ± 5 mM); however, there was no increase of apoptosis induced by dexamethasone when various concentrations of trichostatin A were added; at the concentrations 0.1 and 0.5 mM there was even a statistically significant (P=0.01) inhibition of dexamethasone-induced apoptosis under combined application of the two drugs butyrate was present in addition to dexamethasone, there was an approximately three-(about 30% instead of 10%) and fourfold increase (about 40% instead of 10%), respectively, in the percentage of apoptotic cells compared to that induced by 1000 nM dexamethasone alone. It should be pointed out that 0.1, 0.5 and 1 mM are concentrations of butyrate which are at the limit of the apoptosis-inducing ability and induce only a marginal extent of apoptosis ( Figures 5 and 7) , so the observed synergism is clearly an effect for which dexamethasone is a prerequisite. At the concentrations of 5 and 10 mM, however, a minor antagonistic effect between the two apoptosis inducers could be observed, as butyrate alone at these concentrations was a slightly more efficient apoptosis inducer than together with dexamethasone. This antagonistic effect was statistically not significant within the triplicates of one experiment but it was reproducibly present in all the experiments. The biphasic interaction of butyrate with dexamethasone-induced apoptosis was also observed in experiments with 10 and 100 nM dexamethasone, respectively, as also the synergism in the concentration range 0.1 ± 1 mM butyrate (data not shown); however, the extent of synergism was most pronounced at the highest dexamethasone concentration tested (1000 nM).
Again the question was raised whether the observed effects of butyrate were related to histone acetylation and therefore in the following the effects of trichostatin A on dexamethasone-induced apoptosis were tested.
Trichostatin A does not mimick the synergistic effect of butyrate on dexamethasone-induced apoptosis in CCRF-CEM leukemia cells Figure 8 shows the extent of apoptosis after 24 h of incubation induced by various concentrations of trichostatin A alone, and in the additional presence of 100 nM dexamethasone. With 100 nM dexamethasone alone there was about 10% apoptosis. This low percentage of dexamethasone-induced apoptosis was selected for testing the effect of trichostatin A, because in previous experiments performed at higher percentages of dexamethasone-induced apoptosis (data not shown), no inhibition of dexamethasone-induced apoptosis by trichostatin A was observed. Therefore, we tested whether the stimulating effect and/or the synergistic effect of butyrate on dexamethasone-induced apoptosis in CEM-C7H2 cells can be mimicked with trichostatin A. Figure 8 shows that dexamethasone does not block additional apoptosis induced by trichostatin A which clearly increases apoptosis in a dosedependent manner ± and this is in analogy to butyrate. However, in contrast to the behavior of butyrate, no synergistic effect of trichostatin A on dexamethasoneinduced apoptosis could be detected. The synergistic effects of butyrate on dexamethasone-induced apoptosis were observed at a lower concentration range of butyrate, at the limit of the apoptosis-inducing concentrations. However, no stimulating effect on dexamethasone-induced apoptosis was detected at 0.05 and 0.1 mM trichostatin A. At concentrations above 0.1 mM, trichostatin A alone was a powerful apoptosis inducer. Again, as also observed at higher butyrate concentrations, trichostatin A-induced apoptosis at 0.4 and 0.8 mM was slightly inhibited by dexamethasone (100 mM). This antagonistic effect was statistically significant within the triplicates of an experiment only at 0.8 mM but was reproducibly observed at 0.4 and 0.8 mM in all experiments performed. Since the synergistic effect of butyrate on dexamethasone-induced apoptosis in CEM-C7H2 cells ( Figure 7) was not mimicked by trichostatin A, we have to Figure 8 Lack of synergism in the extent of apoptosis under the combined application of trichostatin A and dexamethasone (Dex) in CEM-C7H2 leukemia cells. Apoptosis was measured 24 h after application of 100 nM Dex and the indicated concentrations of trichostatin A. The combined application of the two apoptosis inducers did not result (P=0.05) in any significant increase in the percentage of apoptosis when compared to that induced by trichostatin A alone. At 0.4 and 0.8 mM trichostatin A the percentage of apoptosis was lower under combined application with 100 mM dexamethasone compared to that induced by trichostatin A alone; the difference at 0.8 mM was significant (P=0.001) but at both concentrations 0.4 and 0.8 mM trichostatin A the effect was observed in each experiment even if the difference was not significant within the triplicates of one experiment Figure 7 Stimulation of dexamethasone-induced apoptosis by butyrate in CEM-C7H2 leukemia cells. Apoptosis was measured 36 h after application of the apoptosis inducers. Butyrate exerts over the concentration range of 0.1 ± 1 mM a significant (P=0.001) dose-dependent increase of apoptosis induced by dexamethasone alone with synergism at the concentrations 0.1, 0.5 and 1 mM butyrate (P=0.001). Note the transition of the synergistic effect to an antagonistic one at 5 and 10 mM butyrate; at these concentrations in the additional presence of 1000 mM dexamethasone the percentage of apoptosis was lower than that induced by butyrate alone; although within the triplicates of an experiment this anatagonistic effect was at P=0.05 without statistical significance, it was observed in every experiment conclude that this effect is not related to histone acetylation but is due to a pleiotropic effect of butyrate.
Discussion
The purpose of the present investigation was to examine whether and in what way the two histone deacetylase inhibitors butyrate and trichostatin A exert an influence on dexamethasone-induced apoptosis, i.e. whether they inhibit or potentiate this apoptosis pathway. The aim of our study was also to test with the use of the two histone deacetylase inhibitors whether any analogy can be found between glucocorticoid-induced apoptosis and the models of glucocorticoid-mediated gene expression. Two different T celltypes, namely thymocytes and the T cell-derived leukemia cell line CEM-C7H2, were examined in order to get an idea of celltype specificity and cancero-selectivity of the observed effects.
Millimolar concentrations of butyrate cause hyperacetylation of histones (for reviews see 44 ± 47 ) and reversible arrest of the cell cycle in animal cell cultures, generally. In certain cell lines, a small proportion of the cells or most of them progress further and undergo cell death by apoptosis. Thus, butyrateinduced apoptosis shows a pronounced cell-type specificity, while reversible inhibition of cell growth, induction of differentiation markers and modulation of gene expression represent effects of butyrate (and trichostatin A) which were found in all animal cells investigated. As far as these latter three, general effects of butyrate are concerned, they are supposed to result from histone hyperacetylation, because they can also be induced by trichostatin A, an inhibitor of histone deacetylases structurally unrelated to butyrate which exerts its inhibiting effect already at micromolar concentrations. 36, 37 As shown in the present study, apoptosis was induced in the investigated T cells by butyrate at millimolar (Figures 1, 3, 5 and 7) and by trichostatin A at micromolar concentrations (Figures 4 and 8) which are the histone deacetylase inhibiting concentrations, respectively, of the two drugs. Thus, histone hyperacetylation appears to be a phenomenon which is coupled with apoptosis induced by butyrate or trichostatin A. Consistent with a role of histone acetylation in apoptosis induction by short-chain fatty acids is also our observation (data not shown) that propionate and valerate, which are weaker inhibitors of histone deacetylases than butyrate, also functioned as apoptosis inducers in the investigated CEM-C7H2 cells but at higher concentrations than butyrate, i.e., at their deacetylase ± inhibiting concentrations. Moreover, in a previous investigation with the colon adenocarcinoma cell line VACO5 it was reported that the apoptosis inducing efficiency of short-chain fatty acids correlated with their histone deacetylase ± inhibiting ability. 48 Global histone hyperacetylation per se, however, cannot be sufficient for triggering apoptosis since it is achieved by butyrate treatment in many animal cell types that do not undergo butyrate-induced apoptosis.
Recent studies clearly demonstrate that butyrate-induced apoptosis is strongly cell type-specific. For instance, butyrate caused reversible arrest in the G1 and G2 phase of untransformed rat fibroblasts but was cytotoxic to the SV40 transformed derivation of the cell line. 49 In a study with colon cancer cells, some of the investigated adenoma cell lines were more sensitive to butyrate-induced apoptosis than the carcinoma cell lines. 6 Glucocorticoids induce apoptosis with a high degree of specificity in certain lymphoid cells, and it is not clear why other cell types which also possess glucocorticoid receptors are not sensitive. 50 Perhaps in the insensitive cell types the relevant chromatin region is not appropriately prepared for receiving the activated glucocorticoid receptor.
It was recently reported that the degree of histone acetylation is changing as a result of dexamethasoneinduced apoptosis in thymocytes. 51 The two T cell types investigated in the present study proved to be sensitive to apoptosis induction by dexamethasone as well as butyrate (or trichostatin A). It remains to be seen whether dexamethasone-sensitivity is always coupled with sensitivity to butyrate-(and trichostatin A)-induced apoptosis.
Whereas a transactivation mechanism was suggested for dexamethasone-induced apoptosis in thymocytes, 52 in human leukemia cells, a repressive mechanism was favored. 53 The different effects of butyrate on dexamethasone-induced apoptosis in thymocytes and in CEM-C7H2 leukemia cells observed in our study are certainly consistent with the concept that the mechanisms of dexamethasone-induced apoptosis in these two T celltypes are not identical. However, the effects of the two histone deacetylase-inhibitors suggest that histone acetylation may be the common denominator playing a role in dexamethasone-induced as well as in butyrate-induced (and trichostatin A-induced) apoptosis.
The results of the present investigation are consistent with the interpretation that in thymus as well as in CEM-C7H2 cells, dexamethasone causes analogous structural changes in chromatin structure for apoptosis induction as butyrate (or trichostatin A). One may speculate that in thymus a gene becomes fully turned on by dexamethasone, so that the presence of butyrate (or trichostatin A) cannot lead to any further activation. If, however, in the leukemia cell line CEM-C7H2 (regardless whether the mechanism is glucocorticoid-mediated activation or repression), in a relevant promoter region a repressing chromatin structure is not fully lifted by dexamethasone, then butyrate (or trichostatin A) would cause, in a dose-dependent manner, a more efficient removal of this repressing chromatin structure and thus lead to an increased extent of apoptosis. This would explain the dose-dependent increase of butyrate-(and also trichostatin A)-induced apoptosis in the presence of dexamethasone in CEM-C7H2 cells. The antagonistic effect on apoptosis at higher concentrations of the histone deacetyase inhibitors in CEM-C7H2 cells could be explained by a process which would become operative only after a more accessible chromatin structure has been established. That such changes in chromatin structure require some time till a certain level of hyperacetylation is reached, may explain the modest extent of this anti-apoptotic effect and that it was observed only at certain higher concentrations of the histone deacetylase inhibitors. According to this model, dexamethasone and butyrate (and trichostatin A) would target the same genes for apoptosis induction and butyrate-induced apoptosis would function as a short-cut of dexamethasone-induced apoptosis. If so, dexamethasone-sensitive cells should also be butyrate-sensitive. The model, however, does not demand that in turn, butyrate-sensitive cells have also to be glucocorticoid-sensitive. This is certainly not the case and it is quite conceivable that butyrate, by the changes it causes in chromatin structure, may activate apoptosispromoting genes which are not targets of the activated glucocorticoid receptor. Further studies should clarify whether the`short-cut by butyrate' can be generalized for other glucocorticoid-sensitive cell types. It should be emphasized in this context that there is experimental evidence for a short-cut by histone deacetylase inhibitors ± in the absence of the hormone ± for the activation of the otherwise hormone-dependent MMTV promoter.
In the CEM-C7H2 leukemia cell line, at a lower concentration range of butyrate, a pronounced synergistic effect was observed on dexamethasone-induced apoptosis. Since this effect, however, was not mimicked by trichostatin A, it cannot be related to histone acetylation but rather to a pleiotropic effect of butyrate.
Butyrate was reported to have pleiotropic effects on the cytoskeleton, on mitochondria and on the cell membrane. 48 It remains to be clarified in further studies which one, if any, of these effects participates in the above phenomenon. It should be possible to sort out ± based on the hierarchy of various short-chain fatty acids in the efficiency of inducing a given pleioptropic effect ± whether the synergism is mediated via mitochondria, the cytoskeleton or the plasma membrane. 48 The differential sensitivity of nontransformed T lymphocytes and the T cell-derived leukemia cell line to the impact of butyrate on glucocorticoid-induced apoptosis has its implications for a higher cancero-selectivity in tumor therapy.
Materials and Methods
Chemicals
Butyric acid was from Fluka Chemie AG, Buchs, Switzerland. A stock solution of 2 M sodium butyrate was prepared and the pH adjusted to 7.3 by addition of sodium hydroxide. (R)-Trichostatin A was purified from culture broths of Streptomyces hygroscopicus Y-50. RPMI 1640, fetal calf serum, glutamine, penicillin and streptomycin were purchased from Gibco BRL, Vienna, Austria; dexamethasone and propidum iodide were from Sigma, Vienna, Austria.
Cells and cell culture
CEM-C7H2, 38 a highly glucocorticoid-sensitive subclone of the acute lymphoblastic leukemia line CCRF-CEM-C7 54 was grown in 5% CO 2 , saturated humidity, at 378C in RPMI 1640 supplemented with 10% bovine calf serum (HyClone, Logan, UT, USA), 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine (Sigma, Vienna, Austria).
Rat thymus culture
Rat thymocytes were prepared from thymuses of 6-week-old female Sprague-Dawley rats. After sacrificing the animals by cervical dislocation, the thymuses were removed, placed in ice-cold RPMI 1640 medium and passaged through 100-and then through 200-mesh stainless steel nets. Cell density was adjusted to 1.5610 6 /ml and the cells were used immediately for the apoptosis experiments.
Apoptosis assays
Detection and quantification of apoptosis was performed by FACS analysis using two independent principles as apoptosis criteria, namely, nuclear staining with propidium iodide, on the one hand, and forward/sideward light scattering analysis, on the other. 55 For the apoptosis assay 1610 6 cells were centrifuged (7 min, 48C, 3006g), the supernatant discarded and the pellet stained with 750 ml freshly prepared propidium iodide (50 mg/ml in 0.1% Triton X-100/0.1% sodium citrate solution). Subsequently, the nuclei were subjected to apoptosis analysis in a FACScan (Becton Dickinson, San Jose, CA, USA) using both fluorescence intensity of propidium iodide and forward/sideward light scattering as parameters for the determination of apoptosis. Based on propidium iodide fluorescence, nuclei in the sub-G1 marker window were considered to represent apoptotic cells. According to the light scattering analysis, apoptotic nuclei are recognized as being smaller (lower forward scatter values) and more granulated (higher sideward scatter values). Cell debris and small particles were excluded from the analysis based on forward/sideward scatter criteria as described. 56 In addition, with butyrate as well as dexamethasone for both cell types, the appearance of a nucleosome ladder was demonstrated as a criterion for apoptosis (data not shown). However, since the analysis of a nucleosome ladder is not a suitable technique for quantification of the extent of apoptosis, and in view of the large number of the experimental conditions, the above-described two parameters of flow cytometric analyses were chosen as apoptosis criteria in the present study. In all the figures of the present study the percentages of apoptosis are calculated from the data of propidium fluorescence intensity.
Statistical analysis
Data are shown as mean values in all diagrams and are given as means of triplicates +S.D. of a representative experiment. Statistical significance was calculated using ANOVA and multiple Student's t-test comparisons.
